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Introduction {#sec001}
============

Many behavioral and physiological functions exhibit rhythms with varying frequencies. Most of these rhythms are endogenous \[[@pone.0116588.ref001]\] and retain abilities to synchronize with the day-night cycles or with other natural periodic cues. The daily rhythms provide a temporal framework necessary for maintaining homeostasis. However, all daily rhythms may not be circadian rhythms (CRs). The CR exhibits 24-h period, when synchronized with the day-night cycle of the nature, but it free runs and shows a period slightly longer or shorter than 24 h, when the organism showing CR is kept under constant conditions of light, temperature and other known periodic signals. Circadian rhythm enables organisms to maintain temporal harmony among numerous molecular, biochemical, physiological and behavioral processes vis-à-vis changes in the environmental factors.

The circulating formed elements in the peripheral blood, one of the important components of the immune system, show highly reproducible circadian rhythms. The circadian variations in number of circulating formed elements in the peripheral blood may not only largely be due to changes in the distribution, but may also relate to circadian changes in cell production and release and/or destruction. The reactivity of circulating blood cells also varies predictably as a function of time, as circadian rhythm has been reported in responsiveness of human and murine lymphocytes *in vitro* to mitogens \[[@pone.0116588.ref002]\]. The bone marrow represents an actively proliferating tissue with rapid turnover; and cell proliferation in bone marrow is not constant, but undergoes rhythmic variations \[[@pone.0116588.ref003]--[@pone.0116588.ref005]\]. Based on number of scholarly studies, a rhythmic immune network has been shown to operate in mammals long ago \[[@pone.0116588.ref006]\].

Phagocytic activity of neutrophils/heterophils of blood, the macrophages of spleen and peritoneum also exhibit circadian rhythms in birds and mammals. Similar daily rhythms in chemotaxis and neutrophil migration have been reported in many original reports \[[@pone.0116588.ref007]--[@pone.0116588.ref009]\]. Most research in this field is focused on the molecular and genetic aspects, with extensive work on *Drosophila* and mouse; however, the study of alternative animal models still represent a useful approach to understanding how the vertebrate circadian system is organized, and how this time-keeping system has changed during the course of vertebrate evolution. Attempts to understand mammalian immune system will be aided by a more systematic approach to investigating immune function across vertebrate groups. Reptiles are the crucial phylogenic group that gave rise to the evolution of both birds and mammals. Reptiles are the only ectothermic amniotes, and therefore, become a pivotal group for the study in order to provide significant insights into both the evolution and functioning of the rhythmicity in immune system. Reptiles have an extended terrestrial lifestyle and they show direct development without metamorphosis unlike the amphibians. Reptiles are generally long-lived, with an extended period of growth and maturation early in life. However, reptiles are unable to regulate their internal body temperature, and undergo strong seasonal changes in behavior associated with environmental temperatures. Collectively, these characteristics may have profound effects on how reptiles partition energy resources to self-maintenance activities. In reptiles that occupy a key position in the phylogeny of vertebrate evolution, chronobiological study on immune cells and its reactivity is inadequate. Although circadian rhythm in eosinophil has been reported in a lizard species \[[@pone.0116588.ref010]\] and in this snake species \[[@pone.0116588.ref011]--[@pone.0116588.ref013]\], no substantial information is available on the possibilities of existence of multi-frequency rhythms in immune system of reptiles. The present study was undertaken to throw light on daily and seasonal variations in immune responses in reptiles, using *Natrix piscator* as an ophidian model.

Material and Methods {#sec002}
====================

Animals {#sec003}
-------

Live freshwater snakes (\> 120 g) were procured from a local supplier, who caught these animals in the suburbs of Varanasi (28^0^ 18' N; 83^0^ 1' E). In this study, we used male snakes only, especially because gender dependent innate immune responses have been reported in reptiles \[[@pone.0116588.ref014], [@pone.0116588.ref015]\]. Animals were housed in vivarium (wood and wire net cages; size 50x30x30 cm). Each cage had wooden floor and frame with three sides fitted with wire mesh and one side with a flap door and a small window. Each cage had an earthen bowl (4 L capacity) filled with water to accommodate 4--5 snakes. Snakes were fed small fishes once a week. Cages were cleaned and water in the bowl replenished the next day following feeding. Animals were acclimated to the laboratory conditions for two weeks; thereafter, experiments were performed. This study was approved by the Institutional Ethics Committee, Udai Pratap Autonomous College, Varanasi, India. The guidelines of the Institutional Ethics Committee and the committee for the purpose of control and supervision of experiment on animals (CPCSEA), the Ministry of Statistics and Program Implementation, Government of India, were strictly followed.

Chemicals {#sec004}
---------

Tetrazolium dye, NBT (Nitroblue Tetrazolium) and MTT \[3-(4, 5-dimethylthiozol-2-yl)-2, 5 diphenyl tetrazolium bromide\]; mitogens \[concanavalin A (Con A), phytohemagglutinin (PHA) and lipopolysaccharide (LPS)\]; and melatonin were purchased from Sigma Chemicals. Culture medium (RPMI-1640), lymphocyte separation medium (HiSep), L-glutamine, gentamycin, fetal bovine serum (FBS), dimethyl sulfoxide (DMSO), and other chemicals were purchased from Himedia Laboratories Pvt. Ltd. (India). The culture medium was supplemented with 1 μl ml^-1^ gentamycin, 10 μl ml^-1^ of 200 mM L-glutamine, 10 μl ml^-1^ anti-anti (Gibco) and 5% FBS and referred to as complete culture medium.

Experiment {#sec005}
----------

This study was designed to understand daily and seasonal variabilities in the immune response of splenocytes in the fresh water snake, *Natrix piscator*. This study was performed in three seasons, *viz*. summer (May), winter (December) and spring (March). In each season, animals were divided into seven groups as outlined below: The animals of Group-1 to Group-7 were sacrificed, respectively, at 0400, 1200, 2000, 0000, 0800, 1600, and 0000 h.

Each group contained 5 animals. The animals of the Groups 1 to 3 were anesthetized mildly at the designated time points and blood was sampled through cardiocentesis in heparinized tubes and was centrifuged to obtain plasma. Plasma was kept at---20°C for a week and then utilized for analysis of lysozyme concentration. Spleen was excised aseptically, weighed, kept in cool (4°C) culture medium separately and processed immediately to study the immune parameters. Following two days, groups 4 to 7 animals were anesthetized mildly at the given time points, and blood and spleen were sampled as described above.

Preparation of macrophage monolayer {#sec006}
-----------------------------------

Splenic macrophage monolayer was prepared, and phagocytic assay was performed following the method of Mondal and Rai \[[@pone.0116588.ref014],[@pone.0116588.ref016]\]. Briefly, excised spleen was macerated individually through a nylon strainer of pore size \<100 μm into complete culture medium (2 ml per spleen) to get single cell suspension under a sterile laminar flow hood. Cell viability was checked through trypan blue exclusion test, which exceeded 95%, and spleen cellularity (number of cells mg^--1^ tissue) was determined with help of hemocytometer.

Splenic cell suspension (200 μl) was flooded onto individual pre-washed and sterilized glass slides. Phagocytic macrophages were allowed to adhere by incubating the slides at 25°C in humidified CO~2~ atmosphere for 90 min. Non adherent cells were washed off with 0.2 M phosphate buffer saline (PBS; pH 7.2). The splenic macrophage monolayer was prepared in duplicate from each spleen. In the adherent cell population, more than 90% of the cells were macrophages as judged by their morphology.

Phagocytic assay {#sec007}
----------------

For phagocytic assay, the yeast cells were used as target cell. The yeast cell suspension was prepared by mixing 20 mg of commercial baker's yeast (*Saccharomyces cerevisae*) in 10 ml of 0.2 M PBS. The suspension was kept at 80°C for 15 min. The cell suspension was washed three times in PBS and finally suspended in complete culture medium to get a concentration of 1×10^8^ cells ml^-1^.

The prepared macrophage monolayer, as above, was flooded with yeast cell suspension, and phagocytosis was allowed to proceed by incubating at 25°C in humidified CO~2~ atmosphere for 90 min. Then, slides were rinsed three times in PBS, fixed in methanol, stained with Giemsa, and examined under oil immersion. For each slide, a total of 100 macrophages were examined randomly without any predetermined sequence. The phagocytic index was determined by calculating the average number of yeast cells engulfed by single macrophage. The percent phagocytosis was calculated by dividing the number of macrophages showing phagocytosis by 100.

NBT assay {#sec008}
---------

Superoxide anion production by phagocyte was determined as the reduction of NBT. NBT is a water soluble, yellow colored and membrane permeable dye. It is reduced into NBT-diformazan (Purple color) by superoxide. NBT assay was performed following the methods of Berger and Slapnickova \[[@pone.0116588.ref009]\]. Spleen cells were counted and adjusted to 2×10^6^ cells ml^--1^ in complete RPMI. Fifty microlitres of cell suspension (1×10^5^ cells) was mixed with 50 μl of RPMI containing NBT (1 mg ml^--1^) in culture plate (96 well) in triplicates from each spleen. Wells with culture medium (100 ml) without cells in triplicates served as blank. Plate was then incubated in CO~2~ atmosphere at 25°C for 2 h, centrifuged at 700xg, washed with PBS and fixed in 70% methanol. Twenty microlitres of 0.1% triton X-100 was mixed in each well. The formazan crystals, present inside the cells, were dissolved by mixing 120 μl KOH (2 M) and 140 μl DMSO in each well. Optical density was measured at 620 nm with the help of ELISA plate reader (Thermo Multiscan). Following blank subtraction, triplicates were averaged.

Nitrite assay {#sec009}
-------------

Nitric oxide (NO) is a major effector molecule of macrophage cytotoxicity. It is a highly unstable compound produced from L-arginine by enzyme Nitric oxide synthase (NOS). Soon after production, NO decomposes to other nitrogen oxides such as nitrate (NO~3~ ^--^) and nitrite (NO~2~ ^--^) popularly known as Reactive Nitrogen Intermediate (RNI) \[[@pone.0116588.ref017]\]. So, nitrite was assayed as a marker of cytotoxicity. Nitrite content was measured by the method of Ding et al. \[[@pone.0116588.ref018]\]. Briefly, 100 μl of splenocytes (1×10^6^ cells ml^--1^) was added to each well of 96 well culture plate. After two hours of incubation at 25°C, cells were washed with PBS. Fresh culture medium (100 μl) was added to each well and plates were incubated in CO~2~ atmosphere at 25°C for 24 h, then centrifuged at 200xg and supernatant was collected. Equal volume of supernatant and Griess reagent (1% sulfanilamide in 3 N HCl and 0.1% naphthylenediamine dihydrochloride in distilled water) are mixed and optical density of the solution was measured at 540 nm with the help of ELISA plate reader (Thermo Multiscan). Culture medium alone without any cell served as blank. All the samples were taken in triplicate. Following blank subtraction, triplicates were averaged.

Splenic lymphocyte proliferation assay {#sec010}
--------------------------------------

The lymphocyte proliferation was assessed using colorimetric assay based on tetrazolium salt (MTT) following the methods of Berridge et al. \[[@pone.0116588.ref019]\]. The colorimetric method, utilizing tetrazolium salts, has been an advantageous alternative method measuring lymphoproliferation \[[@pone.0116588.ref020]\]. In metabolically active cells, tetrazolium salts are incorporated into active mitochondria, the tetrazolium rings of MTT is cleaved by mitochondrial dehydrogenase enzyme and bioreduced into dark blue formazan crystals which are impermeable to the cell membrane. Solubilisation of cells by the addition of a detergent results in liberation of the crystals. The quantity of formazan product as measured by amount of absorbance 570 nm is directly proportional to the number of living cells in culture \[[@pone.0116588.ref021]\]. Thus, quantifying the conversion of salts by mitochondrial dehydrogenases in blue colored formazan product provides a measure cell number during last hours of *in vitro* culture. The accumulation of colored formazan products is positively correlated with incorporation of ^3^H-thymidine into cellular DNA in the S-Phase of cell division during last hours of *in vitro* culture, which is a direct measure of blastogenesis under the conditions of mitogenic stimulation \[[@pone.0116588.ref022]\].

Splenic single cell suspension prepared as above was treated with hemolysate buffer (0.15 M NH~4~Cl, 10 mM KHCO~3~, 0.1 mM Na~2~EDTA, pH 7.2), washed with 0.2 M PBS (pH 7.2) twice and resuspended in complete culture medium. Splenic lymphocytes were isolated by density gradient centrifugation using HiSep (Density 1.077 g ml^-1^). The cell suspension was overlaid on equal volume of HiSep and centrifuged at 400xg for 30 min with brakes off at 8°C. Following centrifugation, lymphocyte fraction at the interface between medium and HiSep was carefully aspirated, washed twice with PBS, counted and assessed for viability on a hemocytometer through trypan blue exclusion test. Viable cells (\>95%) were adjusted at 2×10^6^ cells ml^-1^ in complete culture medium.

Basal as well as mitogen (Con A) induced *in vitro* lymphocyte proliferation was assessed. Stock solution of mitogen was made in 0.2 M PBS (pH 7.2) at a concentration of 1 mg ml^-1^, and further dilution was made with culture medium to get a concentration of 10 μg ml^-1^. Flat bottom 96 well culture plates were used. To study spontaneous or basal proliferation, 50 μl cell suspension was seeded into well of culture plate along with 50 μl of mitogen-free culture medium, while to study induced one, 50 μl of mitogen and 50 μl of cell suspension were seeded. Additional well containing only 100 μl of culture medium served as blank. All assays were made in triplicates form each experimental animal. Plates were incubated in humidified CO~2~ atmosphere at 25°C for 48 h, after which 10 μl of MTT reagent (5 mg ml^-1^) was added to each well, and plates were again incubated overnight in humidified CO~2~ atmosphere at 25°C. Following incubation, the supernatant was aspirated, and 100 μl of DMSO was added to each well to solubilize the formazan crystals. Absorbance was measured at 570 nm with the help of ELISA plate reader (Thermo Multiscan). Following blank subtraction, triplicates were averaged.

Lysozyme assay {#sec011}
--------------

Lysozyme activity was measured using a standard turbidity assay, as previously described by Demers and Bayne \[[@pone.0116588.ref023]\]. Hen egg lysozyme (HEL; Sigma, St. Louis, MO) was used as standard. Stock solution (1 mg ml^-1^) of standard HEL was prepared in 0.1 M phosphate buffer (pH 5.9) and was serially diluted in phosphate buffer to produce a standard curve of 40, 20, 10, 5, 2.5, 1.25, 0.6, 0.3, and 0 μg ml^-1^. Aliquots (25 μl per well) of each concentration of standard as well as test plasma sample were added to a 96-well plate in triplicate. The solution of *Micrococcus lysodeikticus* (175 μl per well) was quickly added to each of the sample and standard wells. The solution of *Micrococcus lysodeikticus* was prepared by dissolving 20 mg lyophilized bacterial powder (Sigma, St. Louis, MO) into 100 ml phosphate buffer. Triplicate well containing plasma received 175 μl phosphate buffer and served as blank. Absorbance was measured at 450 nm with ELISA plate reader (Thermo Multiscan) immediately (T~0~) and again after five minutes (T~5~). Absorbance unit (AU) value for the blank sample well was subtracted from the average of the triplicate sample wells to compensate for any hemolysis in the samples. AU values at T~5~ were subtracted from AU values at T~0~ to determine the change in absorbance ∆~AU~5. The resultant ∆~AU~5 value was converted to HEL concentration (μg μl^-1^) via linear regression of the standard curve.

Statistical analysis {#sec012}
--------------------

Data are presented as mean ± 1 SEM as function of time and season. The data were subjected to Cosinor rhythmometry \[[@pone.0116588.ref024],[@pone.0116588.ref025]\] for validation of diurnal and annual rhythms. The rhythms were characterized by three parameters, such as Mesor (M, rhythm-adjusted mean; it equals the arithmetic mean, when data were sampled at equidistant time intervals), the amplitude (A, half of the difference between minimum and maximum in the biological function), and the acrophase or peak (∅, time of maximum in the fitted cosine function, with local midnight for diurnal rhythm and local midnight of December 22 for annual rhythm, as ∅ reference). Data were also presented separately as function of seasons, namely summer (May), winter (December) and spring (March) for further examination of seasonal variability. One-way and two-way analyses of variance (ANOVAs) were used to validate time effects both along the diurnal and annual (seasonal) time scales, respectively. All statistical analyses, except Cosinor rhythmometry, were performed using SPSS for Windows. All null hypotheses were tested at p ≤ 0.05.

Result and Discussion {#sec013}
=====================

Variability observed in different immune parameters along 24-h and annual (seasonal) time scales are graphically presented in Figs. [1](#pone.0116588.g001){ref-type="fig"} and [2](#pone.0116588.g002){ref-type="fig"}, respectively. The results emanated from Cosinor rhythmometry are summarized in Tables [1](#pone.0116588.t001){ref-type="table"}, [2](#pone.0116588.t002){ref-type="table"}, [3](#pone.0116588.t003){ref-type="table"} for daily rhythms and in [Table 4](#pone.0116588.t004){ref-type="table"} for seasonal rhythms. The results from 2-way ANOVA are illustrated in [Table 5](#pone.0116588.t005){ref-type="table"}. Characteristics of daily variability in immune responses of splenocytes are presented in Tables [6](#pone.0116588.t006){ref-type="table"}, [7](#pone.0116588.t007){ref-type="table"}, [8](#pone.0116588.t008){ref-type="table"}. The diurnal peak maps were constructed only for those parameters in which at least one significant rhythm appeared, irrespective of season ([Fig. 3A, B](#pone.0116588.g003){ref-type="fig"}) and annual peak map was constructed for seven variables ([Fig. 4](#pone.0116588.g004){ref-type="fig"}).

![Variations in different immune parameters in the freshwater snake, *Natrix piscator* during 24-h period.](pone.0116588.g001){#pone.0116588.g001}

![Circannual rhythm in different immune parameters in the freshwater snake, *Natrix piscator*.](pone.0116588.g002){#pone.0116588.g002}

![Peak map showing 24-h rhythm in different immune parameters in the freshwater snake, *Natrix piscator*.](pone.0116588.g003){#pone.0116588.g003}

![Annual peak map showing peaks in different immune parameters in the freshwater snake, *Natrix piscator*.](pone.0116588.g004){#pone.0116588.g004}

10.1371/journal.pone.0116588.t001

###### Cosinor and ANOVA summaries: Characteristics of daily variability in immune responses of splenocytes in summer.

![](pone.0116588.t001){#pone.0116588.t001g}

  Variable                                    Data point   Rhythm detection (*p*)   Rhythm adjusted mean (±SE)   Amplitude (A) (95% CL)   Acrophase (Ø in h) (95% CL)   Time effect ANOVA F \[df\]; p value
  ------------------------------------------- ------------ ------------------------ ---------------------------- ------------------------ ----------------------------- ------------------------------------------------------------------------
  NBT Reduction                               60           \<**0.001**              0.24 ± 0.02                  0.12 (0.07, 0.17)        10.88 (8.95, 12.81)           20.001 \[[@pone.0116588.ref006], [@pone.0116588.ref053]\]; \<**0.001**
  Nitrite Release                             60           \<**0.001**              19.11 ± 1.19                 9.44 (4.98, 13.9)        08.31 (6.51, 10.11)           40.593 \[[@pone.0116588.ref006], [@pone.0116588.ref053]\]; \<**0.001**
  Phagocytosis                                25           0.38                     55.13 ± 1.05                 2.04                     22.98                         1.058 \[[@pone.0116588.ref006], [@pone.0116588.ref018]\]; 0.422
  Phagocytic index                            25           0.62                     1.60 ± 0.02                  0.03                     01.61                         1.165 \[[@pone.0116588.ref006], [@pone.0116588.ref018]\]; 0.367
  Splenosomatic index                         28           0.43                     0.04 ± 0.01                  0.01                     13.07                         0.596 \[[@pone.0116588.ref006], [@pone.0116588.ref021]\]; 0.73
  Spleen cellularity                          21           0.39                     2.06 ± 0.16                  0.34                     18.07                         2.313 \[[@pone.0116588.ref006], [@pone.0116588.ref014]\]; 0.092
  Basal Splenocyte proliferation              60           \<**0.001**              0.46 ± 0.04                  0.51 (0.35, 0.67)        04.35 (3.22, 5.48)            13.427 \[[@pone.0116588.ref006], [@pone.0116588.ref053]\]; \<**0.001**
  Con A stimulated Splenocyte proliferation   60           \<**0.001**              0.31 ± 0.03                  0.38 (0.26, 0.50)        05.08 (4.01, 6.15)            66.921 \[[@pone.0116588.ref006], [@pone.0116588.ref053]\]; \<**0.001**
  Plasma Lysozyme                             27           **0.02**                 11.70 ± 0.54                 2.25(0.32, 3.74)         01.49 (21.85, 5.13)           3.985 \[[@pone.0116588.ref006], [@pone.0116588.ref020]\]; **0.009**

10.1371/journal.pone.0116588.t002

###### Cosinor and ANOVA summaries: Characteristics of daily variability in immune responses of splenocytes in winter.

![](pone.0116588.t002){#pone.0116588.t002g}

  Variable                                    Data point   Rhythm detection (*p*)   Rhythm adjusted mean, (±SE)   Amplitude (A) (95% CL)   Acrophase (Ø in h) (95% CL)   Time effect ANOVA F \[df\]; p value
  ------------------------------------------- ------------ ------------------------ ----------------------------- ------------------------ ----------------------------- ------------------------------------------------------------------------
  NBT Reduction                               60           \<**0.001**              0.24 ± 0.02                   0.12 (0.07, 0.17)        10.88 (8.95, 12.81)           20.001 \[[@pone.0116588.ref006], [@pone.0116588.ref053]\]; \<**0.001**
  Nitrite Release                             60           \<**0.001**              19.11 ± 1.19                  9.44 (4.98, 13.9)        08.31 (6.51, 10.11)           40.593 \[[@pone.0116588.ref006], [@pone.0116588.ref053]\]; \<**0.001**
  Phagocytosis                                25           0.38                     55.13 ± 1.05                  2.04                     22.98                         1.058 \[[@pone.0116588.ref006], [@pone.0116588.ref018]\]; 0.422
  Phagocytic index                            25           0.62                     1.60 ± 0.02                   0.03                     01.61                         1.165 \[[@pone.0116588.ref006], [@pone.0116588.ref018]\]; 0.367
  Splenosomatic index                         28           0.43                     0.04 ± 0.01                   0.01                     13.07                         0.596 \[[@pone.0116588.ref006], [@pone.0116588.ref021]\]; 0.73
  Spleen cellularity                          21           0.39                     2.06 ± 0.16                   0.34                     18.07                         2.313 \[[@pone.0116588.ref006], [@pone.0116588.ref014]\]; 0.092
  Basal Splenocyte proliferation              60           \<**0.001**              0.46 ± 0.04                   0.51 (0.35, 0.67)        04.35 (3.22, 5.48)            13.427 \[[@pone.0116588.ref006], [@pone.0116588.ref053]\]; \<**0.001**
  Con A stimulated Splenocyte proliferation   60           \<**0.001**              0.31 ± 0.03                   0.38 (0.26, 0.50)        05.08 (4.01, 6.15)            66.921 \[[@pone.0116588.ref006], [@pone.0116588.ref053]\]; \<**0.001**
  Plasma Lysizyme                             27           **0.02**                 11.70 ± 0.54                  2.25 (0.32, 3.74)        01.49 (21.85, 5.13)           3.985 \[[@pone.0116588.ref006], [@pone.0116588.ref020]\]; **0.009**

10.1371/journal.pone.0116588.t003

###### Cosinor and ANOVA summaries: Characteristics of daily variability in immune responses of splenocytes in spring.

![](pone.0116588.t003){#pone.0116588.t003g}

  Variable                                    Data point   Rhythm detection (*p*)   Rhythm adjusted mean, (±SE)   Amplitude (A) (95% CL)   Acrophase (Ø in h) (95% CL)   Time effect ANOVA F \[df\]; p value
  ------------------------------------------- ------------ ------------------------ ----------------------------- ------------------------ ----------------------------- ------------------------------------------------------------------------
  NBT Reduction                               63           0.69                     0.13 ± 0.01                   0.014                    19.5                          17.979 \[[@pone.0116588.ref006], [@pone.0116588.ref056]\]; \<**0.001**
  Nitrite Release                             57           0.16                     20.55 ± 1.48                  3.795                    0.005                         1.222 \[[@pone.0116588.ref006], [@pone.0116588.ref050]\]; 0.311
  Phagocytosis                                23           **0.005**                50.69 ± 1.19                  5.97 (1.67, 10.27)       11.67 (8.29, 15.05)           6.927 \[[@pone.0116588.ref006], [@pone.0116588.ref016]\]; **0.001**
  Phagocytic index                            23           0.52                     1.72 ± 0.06                   0.09                     12.41                         6.17 \[[@pone.0116588.ref006], [@pone.0116588.ref016]\]; **0.002**
  Splenosomatic index                         28           0.99                     0.05 ± 0.004                  0.001                    20.79                         0.091 \[[@pone.0116588.ref006], [@pone.0116588.ref021]\]; 0.997
  Spleen cellularity                          21           0.18                     1.48 ± 0.11                   0.29                     12.00                         5.201 \[[@pone.0116588.ref006], [@pone.0116588.ref014]\]; **0.005**
  Basal Splenocyte proliferation              63           \<**0.001**              0.43 ± 0.08                   0.58 (0.30, 0.86)        11.47 (9.34, 13.60)           19.302 \[[@pone.0116588.ref006], [@pone.0116588.ref056]\]; \<**0.001**
  Con A stimulated Splenocyte proliferation   63           \<**0.001**              0.44 ± 0.08                   0.57 (0.30, 0.84)        11.47 (9.36, 13.58)           23.908 \[[@pone.0116588.ref006], [@pone.0116588.ref056]\]; \<**0.001**
  Plasma Lysizyme                             27           **0.001**                10.38 ± 0.55                  3.06 (1.19, 4.93)        23.41 (20.57, 2.25)           10.675 \[[@pone.0116588.ref006], [@pone.0116588.ref020]\]; \<**0.001**

10.1371/journal.pone.0116588.t004

###### Cosinor summary: Characteristics of seasonal variability in immune responses of splenocytes.

![](pone.0116588.t004){#pone.0116588.t004g}

  Variable                                                         Data points (N)   Rhythm detection (P)   Mean (M±SE)    Amplitude              Acrophase (month)     Acrophase (date)
  ---------------------------------------------------------------- ----------------- ---------------------- -------------- ---------------------- --------------------- -----------------------------------------
  NBT Assay (OD/10^5^ cells)                                       174               \<0.001                0.44 ± 0.03    0.40 (0.26, 0.54)      7.35 (7.04, 7.66)     August 02 (July 23, August 11)
  Nitrite Assay (μM/10^5^ cells)                                   171               \<0.001                35.49 ± 2.81   23.92 (12.70, 35.14)   6.85 (6.36, 7.34)     July 18 (July 03, August 01)
  Percentage phagocytosis                                          84                0.003                  57.54 ± 1.13   8.08 (2.45, 13.71)     7.99 (7.32, 8.66)     August 21 (August 01, September 10)
  Phagocytic index                                                 84                0.07                   1.58 ± 0.03    0.15                   2.14                  February 25
  Splenosomatic index (g/100g body weight)                         84                0.31                   0.04 ± 0.01    0.01                   2.23                  February 28
  Spleen cellularity (x 10^6^/mg of spleen)                        63                \<0.001                1.68 ± 0.12    0.40 (0.19, 0.61)      10.75 (8.70, 12.80)   November 13 (September 12, February 14)
  Splenocyte proliferation (Basal OD/10^5^ cells)                  165               \<0.001                1.54 ± 0.11    1.83 (1.35, 2.31)      7.29 (7.08, 7.50)     July 31 (July 25, August 06)
  Splenocyte proliferation (Con A 10 stimulated OD/10^5^ cells)    164               \<0.001                1.55 ± 0.10    1.98 (1.53, 2.43)      7.19 (7.00, 7.38)     July 28 (July 22, August 03)
  Lysozyme concentration in serum (μg Hen Egg White Lysozyme/ml)   81                \<0.001                14.14 ± 0.62   4.28 (3.66, 4.90)      7.52 (7.01, 8.03)     August 07 (July 22, August 22)

10.1371/journal.pone.0116588.t005

###### Two-way ANOVA summary illustrating effects of season, time of the day and their interaction.

![](pone.0116588.t005){#pone.0116588.t005g}

  Variable                                                         R^2^                  Source       df         MS          F-value   P
  ---------------------------------------------------------------- --------------------- ------------ ---------- ----------- --------- ---------
  NBT Assay (OD/10^5^ cells)                                       0.948                 Season (S)   2          2.109       379.317   \<0.001
                                                                   Time of the day (T)   6            0.472      84.896      \<0.001   
                                                                   S x T                 12           0.705      126.827     \<0.001   
                                                                   Error                 153          0.006      \-          \-        
  Nitrite Assay (μM/10^5^ cells)                                   0.908                 Season (S)   2          14231.890   212.825   \<0.001
                                                                   Time of the day (T)   6            3436.033   51.383      \<0.001   
                                                                   S x T                 12           4728.039   70.704      \<0.001   
                                                                   Error                 150          66.871     \-          \-        
  Phagocytosis (%)                                                 0.546                 Season (S)   2          351.368     12.735    \<0.001
                                                                   Time of the day (T)   6            98.167     3.558       0.004     
                                                                   S x T                 12           67.836     2.459       0.011     
                                                                   Error                 63           27.590     \-          \-        
  Phagocytic index                                                 0.556                 Season (S)   2          0.043       2.056     0.136
                                                                   Time of the day (T)   6            0.084      4.036       0.002     
                                                                   S x T                 12           0.086      4.101       \<0.001   
                                                                   Error                 63           0.021      \-          \-        
  Splenosomatic index (g/100g body weight)                         0.151                 Season (S)   2          0.001       1.138     0.327
                                                                   Time of the day (T)   6            0          0.245       0.96      
                                                                   S x T                 12           0          0.625       0.813     
                                                                   Error                 63           0.001      \-          \-        
  Spleen cellularity (x 10^6^/mg of spleen)                        0.669                 Season (S)   2          3.550       17.760    \<0.001
                                                                   Time of the day (T)   6            0.275      1.376       0.246     
                                                                   S x T                 12           0.683      3.416       0.002     
                                                                   Error                 42           0.200      \-          \-        
  Splenocyte proliferation (Basal) OD/10^5^ cells                  0.884                 Season (S)   2          34.756      243.904   \<0.001
                                                                   Time of the day (T)   6            5.142      36.085      \<0.001   
                                                                   S x T                 12           5.088      35.709      \<0.001   
                                                                   Error                 144          0.142      \-          \-        
  Splenocyte proliferation (Con A 10 stimulated OD/10^5^ cells)    0.922                 Season       2          44.364      447.482   \<0.001
                                                                   Time of the day (T)   6            5.456      55.030      \<0.001   
                                                                   S x T                 12           4.326      43.631      \<0.001   
                                                                   Error                 143          0.099      \-          \-        
  Lysozyme concentration in serum (μg Hen Egg White Lysozyme/ml)   0.703                 Season       2          108.246     20.926    \<0.001
                                                                   Time of the day (T)   6            73.842     14.275      \<0.001   
                                                                   S x T                 12           6.770      1.309       0.238     
                                                                   Error                 60           5.173      \-          \-        

10.1371/journal.pone.0116588.t006

###### ANOVA summaries: Characteristics of daily variability in immune responses of splenocytes in summer.
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  Variable                                                         00.00             04.00               08.00              12.00               16.00              20.00              00.00
  ---------------------------------------------------------------- ----------------- ------------------- ------------------ ------------------- ------------------ ------------------ -----------------
  NBT Assay (OD/10^5^ cells)                                       0.48 ± 0.05^c^    1.01 ± 0.02^b^      0.10 ± 0.02^d^     0.18 ± 0.03^d^      1.26 ± 0.05^a^     0.12 ± 0.01^d^     0.42 ± 0.03^c^
  Nitrite release (μM/10^5^ cells)                                 86.61 ± 5.89^a^   16.41 ± 0.43^c^     44.30 ± 2.44^b^    2.58 ± 0.87^d^      86.99 ± 1.73^a^    11.33 ± 1.07^c^    88.98 ± 6.77^a^
  Percentage phagocytosis                                          58.50 ± 2.33^a^   48.83 ± 3.16^b^     56.33 ± 2.16^ab^   54.00 ± 2.20^ab^    60.67 ± 2.67^a^    59.67 ± 0.84^a^    57.50 ± 4.03^a^
  Phagocytic index                                                 1.70 ± 0.08^a^    1.50 ± 0.04^a^      1.62 ± 0.08^a^     1.53 ± 0.08^a^      1.68 ± 0.03^a^     1.71 ± 0.06^a^     1.63 ± 0.10^a^
  Splenosomatic index (g/100g body weight)                         0.03 ± 0.01^a^    0.06 ± 0.02^a^      0.04 ± 0.02^a^     0.04 ± 0.01^a^      0.05 ± 0.02^a^     0.04 ± 0.01^a^     0.03 ± 0.01^a^
  Spleen cellularity (x 10^6^/mg of spleen)                        1.38 ± 0.22^a^    1.18 ± 0.17^a^      1.43 ± 0.13^a^     1.09 ± 0.08^a^      1.23 ± 0.18^a^     1.68 ± 0.26^a^     1.04 ± 0.23^a^
  Splenocyte proliferation (Basal) OD/10^5^ cells                  2.79 ± 0.06^ab^   1.49 ± 0.17^c^      0.23 ± 0.10^d^     3.00 ± 0.08^a^      0.37 ± 0.13^d^     3.00 ± 0.08^a^     2.46 ± 0.16^b^
  Splenocyte proliferation (Con A 10 stimulated) OD/10^5^ cells    2.68 ± 0.12^b^    1.89 ± 0.18^c^      0.24 ± 0.10^c^     3.11 ± 0.05^a^      0.68 ± 0.20^d^     3.08 ± 0.08^a^     2.61 ± 0.12^b^
  Lysozyme concentration in serum (μg Hen Egg White Lysozyme/ml)   17.13 ± 0.37^a^   14.07 ± 0.41^abc^   10.74 ± 1.79^c^    14.37 ± 1.81^abc^   12.99 ± 0.93^bc^   16.03 ± 1.26^ab^   17.27 ± 0.79^a^

Data are presented as Mean ± SE. Means having similar alphabets, as superscripts, are not statistically significant from each other at *p* \< 0.05 (based on Duncan's multiple-range test)

10.1371/journal.pone.0116588.t007

###### ANOVA summaries: Characteristics of daily variability in immune responses of splenocytes in winter.
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  Variable                                                         00.00              04.00              08.00              12.00              16.00             20.00             00.00
  ---------------------------------------------------------------- ------------------ ------------------ ------------------ ------------------ ----------------- ----------------- -----------------
  NBT Assay (OD/10^5^ cells)                                       0.11 ± 0.01^d^     0.14 ± 0.02^d^     0.52 ± 0.03^a^     0.25 ± 0.03^bc^    0.29 ± 0.02^b^    0.19 ± 0.04^cd^   0.13 ± 0.01^d^
  Nitrite release (μM/10^5^ cells)                                 9.27 ± 1.62^c^     19.51 ± 1.18^b^    42.44 ± 2.65^a^    20.16 ± 1.86^b^    8.80 ± 1.52^c^    21.61 ± 0.44^b^   11.25 ± 2.02^c^
  Percentage phagocytosis                                          57.67 ± 1.86^a^    51.33 ± 1.20^a^    56.67 ± 2.73^a^    53.67 ± 2.19^a^    53.00 ± 2.70^a^   57.40 ± 3.03^a^   58.67 ± 1.86^a^
  Phagocytic index                                                 1.58 ± 0.07^a^     1.65 ± 0.02^a^     1.61 ± 0.02^a^     1.59 ± 0.03^a^     1.54 ± 0.03^a^    1.67 ± 0.06^a^    1.58 ± 0.03^a^
  Splenosomatic index (g/100g body weight)                         0.04 ± 0.01^a^     0.02 ± 0.004^a^    0.04 ± 0.03^a^     0.07 ± 0.03^a^     0.04 ± 0.01^a^    0.04 ± 0.02^a^    0.04 ± 0.01^a^
  Spleen cellularity (x 10^6^/mg of spleen)                        2.06 ± 0.25^ab^    1.55 ± 0.24^b^     2.34 ± 0.06^ab^    1.31 ± 0.05^b^     2.94 ± 0.40^a^    2.11 ± 0.61^ab^   2.15 ± 0.44^ab^
  Splenocyte proliferation (Basal) OD/10^5^ cells                  0.64 ± 0.14^a^     0.96 ± 0.06^a^     0.85 ± 0.28^a^     0.07 ± 0.01^b^     0.17 ± 0.04^b^    0.01 ± 0.001^b^   0.74 ± 0.13^a^
  Splenocyte proliferation (Con A 10 stimulated) OD/10^5^ cells    0.24 ± 0.06^bc^    1.05 ± 0.04^a^     0.34 ± 0.02^b^     0.10 ± 0.04^cd^    0.15 ± 0.04^cd^   0.04 ± 0.01^d^    0.28 ± 0.06^bc^
  Lysozyme concentration in serum (μg Hen Egg White Lysozyme/ml)   14.09 ± 2.05^ab^   11.77 ± 1.31^bc^   11.07 ± 0.62^bc^   10.77 ± 1.22^bc^   10.07 ± 0.20^c^   9.83 ± 1.25^c^    16.44 ± 0.33^a^

Data are presented as Mean ± SE. Means having similar alphabets, as superscripts, are not statistically significant from each other at *p* \< 0.05 (based on Duncan's multiple-range test)

10.1371/journal.pone.0116588.t008

###### ANOVA summaries: Characteristics of daily variability in immune responses of splenocytes in spring.
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  Variable                                                         00.00             04.00             08.00             12.00              16.00              20.00              00.00
  ---------------------------------------------------------------- ----------------- ----------------- ----------------- ------------------ ------------------ ------------------ ------------------
  NBT Assay (OD/10^5^ cells)                                       0.08 ± 0.01^c^    0.16 ± 0.01^b^    0.04 ± 0.01^c^    0.22 ± 0.03^a^     0.05 ± 0.01^c^     0.20 ± 0.02^ab^    0.16 ± 0.02^b^
  Nitrite release (μM/10^5^ cells)                                 28.42 ± 4.93^a^   23.20 ± 3.65^b^   15.18 ± 3.29^b^   18.34 ± 6.68^ab^   20.42 ± 2.47^ab^   19.10 ± 2.13^ab^   22.34 ± 2.60^ab^
  Percentage phagocytosis                                          43.67 ± 0.88^c^   46.00 ± 2.08^c^   60.00 ± 1.15^a^   49.33 ± 5.04^bc^   56.20 ± 2.03^ab^   46.00 ± 1.15^c^    45.67 ± 1.45^c^
  Phagocytic index                                                 1.75 ± 0.17^ab^   1.49 ± 0.03^bc^   2.01 ± 0.04^a^    1.47 ± 0.03^bc^    1.98 ± 0.08^a^     1.41 ± 0.05^c^     1.68 ± 0.18^abc^
  Splenosomatic index (g/100g body weight)                         0.05 ± 0.01^a^    0.05 ± 0.01^a^    0.05 ± 0.02^a^    0.04 ± 0.01^a^     0.05 ± 0.02^a^     0.05 ± 0.01^a^     0.05 ± 0.01^a^
  Spleen cellularity (x 10^6^/mg of spleen)                        1.12 ± 0.13^b^    1.14 ± 0.06^b^    1.45 ± 0.07^b^    2.36 ± 0.45^a^     0.97 ± 0.08^b^     1.63 ± 0.06^b^     1.39 ± 0.22^b^
  Splenocyte proliferation (Basal) OD/10^5^ cells                  0.04 ± 0.01^b^    0.18 ± 0.11^b^    0.21 ± 0.04^b^    1.89 ± 0.39^a^     0.10 ± 0.03^b^     0.01 ± 0.002^b^    0.03 ± 0.01^b^
  Splenocyte proliferation (Con A 10 stimulated) OD/10^5^ cells    0.05 ± 0.004^b^   0.20 ± 0.05^b^    0.19 ± 0.03^b^    1.91 ± 0.37^a^     0.10 ± 0.03^b^     0.02 ± 0.01^b^     0.07 ± 0.005^b^
  Lysozyme concentration in serum (μg Hen Egg White Lysozyme/ml)   14.57 ± 1.22a     8.59 ± 0.90^b^    7.80 ± 0.50^b^    9.05 ± 1.29^b^     9.39 ± 0.76^b^     9.35 ± 1.25^b^     16.22 ± 0.82^a^

Data are presented as Mean ± SE. Means having similar alphabets, as superscripts, are not statistically significant from each other at *p* \< 0.05 (based on Duncan's multiple-range test)

Cosinor analysis revealed absence of statistically significant 24-h rhythm in fluctuation of splenosomatic index and spleen cellularity, irrespective of seasons. The percentage of phagocytosis exhibited significant 24-h rhythm in summer and spring seasons, but not in winter; and statistically significant 24-h rhythm in phagocytic index could not be validated for any one of the seasons. In percentage phagocytosis, phase shift was observed in spring as compared to summer season ([Fig. 3A](#pone.0116588.g003){ref-type="fig"}). The peak in percentage phagocytosis rhythm appeared in the evening at 17.83 h in summer; while the peak was recorded at noon (11.67 h) in spring season. Thus, the peak in the percentage of phagocytosis rhythm was advanced in spring; however, the peaks phagocytic activity occurred during light phase in both seasons as sunset occurs at around 19.00 h in summer in Varanasi.

It has been demonstrated that macrophages possess autonomous molecular clock machinery, which is similar to those in suprachiasmatic nucleus (SCN) and the presence of molecular clock system in macrophages suggests that the functions of macrophages vary rhythmically. There are number of reports on rhythms in phagocytosis. Circadian time structure of the neutrophil phagocytic index has been described in human \[[@pone.0116588.ref026]\], rodents \[[@pone.0116588.ref007],[@pone.0116588.ref009],[@pone.0116588.ref027]--[@pone.0116588.ref030]\] and guinea pigs \[[@pone.0116588.ref031]\]. Phagocytic activity in peritoneal macrophages of mice peaked in the light period and bottomed in the dark period \[[@pone.0116588.ref032]\]. The peak of phagocytic activity has been reported during the light phase, as the maximum engulfment of carbon particles by reticuloendothelial cells in CBA mice occurs during the second half of the light span \[[@pone.0116588.ref027]\]; while phagocytes collected from different tissues of C57BL/6 mice have shown peak phagocytic activity in the first half of the light span \[[@pone.0116588.ref032],[@pone.0116588.ref033]\]. Roy et al. \[[@pone.0116588.ref034]\] have also reported diurnal rhythm in phagocytic activity---being considerably higher during light phase than dark phase---of splenic phagocytes in fish. This is the first report on rhythms in phagocytic activity in an ophidian system.

In contrast, there are reports, wherein phagocytic activity has been shown to remain elevated during the dark phase. Polymorphonuclear cells exhibited diurnal periodicity with peak phagocytosis at midnight in human \[[@pone.0116588.ref026]\]. The heterophils in ring doves \[[@pone.0116588.ref035]\], neutrophils in rat \[[@pone.0116588.ref036]\], and mice \[[@pone.0116588.ref037]\], the peak of phagocytosis have been observed toward the end of the second half of dark span; whereas maximal phagocytic activity in guinea pig has been demonstrated during the first half of the dark phase \[[@pone.0116588.ref031]\]. However, the timings of the peak in phagocytic activity vary in different species of animals. On the other hand, Bongrand et al. \[[@pone.0116588.ref038]\] failed to observe any circadian rhythm in neutrophil phagocytic activity in human subjects. Comparison of different laboratory procedures suggests that differences in the peak timings could be attributed to the tested phase of phagocytosis and the sensitivity of the laboratory procedures \[[@pone.0116588.ref009]\]. It has been shown that phagocytic activity, the phagocytic index of small particles, and the absolute count of phagocytic cells all register the peaks at the end of the subjective day.

NBT reduction and nitrite release by splenic macrophages of fresh water snake also varied significantly along a 24-h time scale during winter season. The peaks in both the variables occurred in the morning hours at 10.88 h and 8.31 h, respectively. But, significant 24-h rhythm was absent in NBT reduction and nitrite release during summer and winter seasons (Tables [1](#pone.0116588.t001){ref-type="table"}, [3](#pone.0116588.t003){ref-type="table"}). The results of one-way ANOVA revealed statistically significant time effect for NBT reduction in both summer and spring and for nitrite release in summer only. The observed discrepancy between the results of the Cosinor analysis and the single factor ANOVA could be ascribed to possible presence of ultradian rhythms in NBT reduction and Nitrite release. A distinct bimodality in NBT reduction and Nitrite release during summer and spring was observed in the present study ([Fig. 1](#pone.0116588.g001){ref-type="fig"}). The present results do not appear to be unusual as various components of the mammalian immune system have been known to be characterized by a multi-frequency time structure \[[@pone.0116588.ref039]--[@pone.0116588.ref042]\]. Therefore, it would be worthwhile to design studies to investigate the characteristics of multi-frequency rhythms in the immune system of ophids and other reptiles.

Circadian rhythm in superoxide anion production by inflammatory neutrophil has also been demonstrated in mice \[[@pone.0116588.ref043]\] and rat \[[@pone.0116588.ref009]\]. Similar daily rhythms in chemotaxis and neutrophil migration have been described in human, mice and cows \[[@pone.0116588.ref007]--[@pone.0116588.ref009]\]. Diurnal rhythms in innate immune functions have been described in fishes, gilthead seabream and sea bass \[[@pone.0116588.ref044]\]. Both, the time of exposure of immunocompetent cells to an antigen \[[@pone.0116588.ref045],[@pone.0116588.ref046]\] and the response to challenge of the immunized organism after the introduction of the antigen \[[@pone.0116588.ref045]--[@pone.0116588.ref049]\] show circadian variations in human subjects and animals. Circadian rhythm in the natural killer cells, in T and B cells has also been described in many animals \[[@pone.0116588.ref046],[@pone.0116588.ref050]\].

A statistically significant 24-h rhythm was also observed in lysozyme concentration in all three seasons: summer, winter and spring. The peak lysozyme concentration was found around the midnight in all three seasons. The peaks of lysozyme concentration did not phase-shift significantly along the seasonal time scale ([Fig. 3B](#pone.0116588.g003){ref-type="fig"}), although the peaks in spring (23.41 h) and summer (22.13 h) was slightly earlier than that in winter (1.49 h) season.

Statistically significant 24-h rhythms were observed in basal and mitogen (Con A) induced splenocyte proliferation in all three seasons: summer, winter and spring (Tables [1](#pone.0116588.t001){ref-type="table"}, [2](#pone.0116588.t002){ref-type="table"}, [3](#pone.0116588.t003){ref-type="table"}). The peaks in basal splenocyte proliferation rhythm occurred significantly earlier in winter than spring and summer seasons. The peak in winter was in the early morning at 4.35 h. The peak of the same variable was significantly earlier in spring at late morning hour (11.47 h) than summer, when the peak appeared in the night at 21.41 h. The peaks of Con A stimulated splenocyte proliferation also demonstrated comparable trend like the Basal splenocyte proliferation. A significant phase shift in this variable was witnessed in all three seasons with a trend of delayed phase shift from winter to spring and from spring to summer. The peak of mitogen induced splenocyte proliferation in winter was in the early morning (5.08 h), in spring at 11.47 h and in summer the peak was noticed at night (21.32 h). However, in spring season, the peaks of the both basal and Con A10 stimulated splenocyte proliferation rhythms coincidentally appeared at the same time in the late morning hours (11.47 h).

Circadian rhythms have been reported in PHA-induced proliferative responses of circulating lymphocytes in human subjects \[[@pone.0116588.ref051]\] and splenic cells of mice \[[@pone.0116588.ref002]\]. The mammalian lymphatic system has been reported to show a circadian time structure with phase differences in the responsiveness and in the proliferation of its components. The response of splenic cells to the mitogen (PHA) studied *in vitro* in 72 h cultures of cells obtained at six time points over a 24-h span from mice, the uptake of ^3^H-thymidine in splenic cells *in vitro* was found to be circadian in nature, with and without the PHA in the culture medium. The circadian rhythm of spontaneous incorporation of ^3^H-thymidine in the DNA of immunocompetent mammalian cells suggests a circadian rhythm in their proliferative activity. The response of these cells to mitogen, measured *in vitro* 72 h after removal of the cells from the body, varied as a function of the circadian stage in which the cells were collected \[[@pone.0116588.ref002]\]. This suggests to the existence some mechanism that enables circadian oscillators to encode time memory into the immunocompetent cells. Such a possibility has been examined and demonstrated in golden hamster recently \[[@pone.0116588.ref052]\]. Since ophidian immune system is evolutionarily older to the mammalian immune system it would be interesting to look for time memory in the immunocompetent cells in ophids and other reptiles.

Notwithstanding the observed 24-h rhythms in various immune parameters of the snake, statistically significant annual rhythms were observed in seven out of nine tested variables ([Table 4](#pone.0116588.t004){ref-type="table"}; [Fig. 2](#pone.0116588.g002){ref-type="fig"}). Significant seasonal rhythms were absent only in the phagocytic index and the splenosomatic index ([Table 4](#pone.0116588.t004){ref-type="table"}). The annual (= seasonal) peak map indicates that NBT reduction, Nitrite release, phagocytic index, basal/ mitogen (Con A) induced splenocyte proliferation, and lysozyme concentration exhibited a spectacular internal synchronization; the spread of the peaks in all these six variables overlapped with each other and occurred mostly between July and August, with the exception of spleen cellularity that exhibited a peak in November. The significant seasonal rhythms were validated by the Cosinor rhythmometry and complemented by the results of 2-way ANOVA ([Table 5](#pone.0116588.t005){ref-type="table"}). The values of R^2^ ([Table 5](#pone.0116588.t005){ref-type="table"}) strongly suggest that a higher percentage of data of all tested variables, except the indices, contributed significantly to the observed seasonality. There are very few papers on seasonality in immune system of reptiles \[[@pone.0116588.ref053]--[@pone.0116588.ref056]\], and the least is known in snakes; therefore, it is difficult to have a comparative account of seasonality of immune system in snakes. The tightly synchronized seasonal rhythms observed in the immune parameters with a narrow peak spread in July-August could be attributed to the progressive and beginning of the reproductive phase in *Natrix piscator*. The reproductive cycle of this snake has been reported elsewhere \[[@pone.0116588.ref057]\]. Probably this phase is important for the species to ensure that it counteracts all antigenic invasions effectively in order to have a successful reproductive outcome.

In summary, it is evident from the present study that the snake, *Natrix piscator* possesses a well-coordinated temporal mechanism in its immune system. It synchronizes its immune activity according to the time of the day/ season and probably vis-à-vis rhythmicity in prevalence of pathogens and manifestation of diseases. *Natrix piscator* is a seasonal breeder and the observed seasonality in its immune function probably provides a congenial immune status for the preparation and initiation of its annual breeding activity. Perhaps this adaptation is provided by positive ecological factors (temperature, photoperiod and humidity) and ample food availability during the reproductively active phase. Enhancement of immune function and its timing might be helping this seasonal breeder to cope with seasonal stressors that would otherwise compromise accomplishment of successful reproduction.
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